K+ is the most abundant cation in cells of higher plants, and it plays vital roles in plant growth and development. Extensive studies on the kinetics of K+ uptake in roots have shown that K+ uptake is mediated by at least two transport mechanisms, one with a high and one with a low affinity for K+. However, the precise molecular mechanisms of K+ uptake from soils into root epidermal cells remain unknown. In the present study we have pursued the biophysical identification and characterization of mechanisms of K+ uptake into single root hairs of wheat (Trificum aesfivum L.), since root hairs constitute an important site of nutrient uptake from the soil. These patch-clamp studies showed activation of a large inward current carried by K+ ions into root hairs at membrane potentials more negative than -75 mV. This K+ influx current was mediated by hyperpolarization-activated K+-selective ion channels, with a selectivity sequence for monovalent cations of K+ > Rb+ % NH,+ >> Na+ -li+ > Cs+. Kinetic analysis of K+ channel currents yielded an apparent K+ equilibrium dissociation constant (K,) of -8.8 mM, which closely correlates to the major component of low-affinity K+ uptake. These channels did not inactivate during prolonged stimulation and would thus enable long-term K+ uptake driven by the plasma membrane proton-extruding pump. Aluminum, which is known to inhibit cation uptake at the root epidermis, blocked these inward-rectifying K+ channels with half-maximal current inhibition at -8 p~ free AI3+. Aluminum block of K+ channels at these AI3+ concentrations correlates closely to AI3+ phytotoxicity. It is concluded that inward-rectifying K+ channels in root hairs can function as both a physiologically important mechanism for low-affinity K+ uptake and as regulators of membrane potential. The identification of this mechanism is a major step toward a detailed molecular characterization of the multiple components involved in K+ uptake, transport, and membrane potential control in root epidermal cells.
have shown that the activity of the high-affinity transporter is reduced at elevated K+ levels such that low-affinity transporters may contribute significantly to K+ uptake at concentrations greater than 300 p~ K+ (Drew et al., 1984; Kochian et al., 1985; Fernando et al., 1992) . Severa1 molecular mechanisms have been suggested for K+ uptake at the root epidennis, including K+ pumps (Leonard and Hotchkiss, 1976) , K+-H+ antiporters (Poole, 1978) , and K+-H+ symporters (Rodriguez-Navarro et al., 1986) as possible high-affinity K+ uptake mechanisms, and K+ channels as a low-affinity K+ uptake mechanism (Schroeder et al., 1984 (Schroeder et al., , 1987 . Research on guard cells has revealed that K+, channels provide an important mechanism for low-affinity K+ uptake and for membrane potential control (Schroeder et al., 1984 (Schroeder et al., , 1987 Schroeder and Fang, 1991) . K+, channels have been identified in a wide variety of plant species and cell types (for review, see Schroeder et al., 1994) . These include motor cells of Samanea saman (Moran and Satter, 1989) , aleurone layer cells of barley (Bush et al., 1988) , suspension-culture cells of maize, Arabidopsis thaliana, and tobacco (Ketchum et al., 1989; Colombo and Cerana, 1991; Van Duijn et al., 1993) , guard cells of maize (Fairley-Grenot and Assmann, 1992b) , mesophyll cells of oat and A. thaliana (Kourie and Goldsmith, 1992; Spalding et al., 1992) , and root membranes of rye (White and Tester, 1992) .
A11 of the suggested high-and low-affinity K+ uptake mechanisms mentioned above could depolarize the plasma Abbreviations: K+, channel, inward-rectifying K+ channel; K,, apparent equilibrium dissociation constant. Plant Physiol. Vol. 105, 1994 membrane as has been shown in membrane potential recordings (e.g. Newman et al., 1987) . Direct voltage-clamp recordings from root epidermal cells could shed light on the underlying electrogenic K+ uptake mechanisms. However, to date no high-resolution voltage-clamp recordings of root epidermal cells have been reported. Severa1 metal ions detrimental to plant growth (e.g. A13+, Na+, and Cs') are known to interact with uptake of K+ and other cations (Rains and Epstein, 1967; Foy et al., 1978; Miyasaka et al., 1989; Huang et al., 1992; Sheahan et al., 1993) . The exact molecular mechanisms of K+ uptake across the plasma membrane of root cells and the molecular interaction sites of toxic metals, however, remain unknown, despite the importance of these mechanisms in understanding plant nutrition, cellular homeostasis, and environmental stress.
Root hairs are tubular outgrowths of root epidermal cells, and they increase the total length of the root system by up to 20-fold (Glass, 1989) . The growth of root hairs into small soil pores and soil particles provides plants with access to nutrients in undepleted soil regions (Mengel and Kirkby, 1982) . Therefore, these cells play an important physiological role in K+ uptake and K+ nutrition for the whole plant (Clarkson and Hanson, 1980; Glass, 1989) . Furthermore, root hairs are a primary site for initiation of plant-microbe interactions (Fisher and Long, 1992) . To perform direct voltageclamp studies on root epidermal cells, we have adòpted an approach for isolation of root hair protoplasts. In the present study, the electrophysiological properties of the plasma membrane of single root hairs of wheat (Triticum aestivum L.) were investigated with the high-resolution patch-clamp technique (Hamill et al., 1981) to characterize electrogenic K+ uptake processes at the cellular level. The results of this study show that hyperpolarization-activated K+, channels represent a major conductance in root hairs and provide evidence that these K+ channels can function as a major component of the low-affinity K+ uptake systems in root hairs of higher plants .
MATERIALS AND METHODS

Root Hair Protoplasts
Seeds of wheat (Triticum aestivum L. cv Scout) were surface-sterilized in an aqueous solution of 1% NaClO for 5 min. The seeds were then washed severa1 times with filtersterilized water and placed on wet filter paper in Petri dishes that had been exposed to UV light. The Petri dishes were sealed with Parafilm and stored in the dark for 2 to 3 d at 2OoC, by which time the germinated seeds had roots approximately 2 to 4 cm long with visible root hair growth. Protoplasts were isolated using a protocol modified from two previously described procedures (Cocking, 1985; Elzenga et al., 1991) : whole intact seedlings with roots were placed in 10 mL of enzyme solution in a water bath shaker (100 rpm) at 3OoC for 5 min. The enzyme solution contained (in mM): 10 KCl, 2 MgC12, 1 CaC12, 10 ascorbic acid, 10 Mes-KOH, pH 5.5, and (w/v): 1% cellulase RS, 1% Macerozyme R-10,0.02% Pectolyase Y23 (Yakult Honsha, Tokyo, Japan), 1 % Cellulysin (Calbiochem, San Diego, CA), 0.1% BSA (Irvine Scientific, Santa Ana, CA). The osmolality of the enzyme solution was adjusteci to 860 mosmol kg-' with D-sorbitol. When observed microscopically, root hair protoplastation occurred within 3 min of enzyme treatment, whereas the main root always remained undigested ( Fig. 1 ; longest enzyme treatment tested was 30 min). After 5 min of enzyme treatment, the seedlings were washed twice with 15 mL of wash solution for 5 min at 4OC on a rotary shaker (100 rpm). The wash solution had the same composition and osmolality as the above solution, except that it contained no proteins. The roots of the seedlings were thLen dipped into a small volume (about 200 pL) of isolation solution for 3 min. The isolation solution had the same composition as the wash solution, except tktat it did not contain ascorbic acid, and its osmolality was adjiisted to 400 mosmol kg-'. This led to osmotic expansion and isolation of root hair protoplasts (Fig. 1) . After 3 min the seedlings were shaken gently and the roots were pulled out of the isolation solution. Usually, some cytoplasm remained in tkie root hairs.
Root hair protoplasts of 15 to >40 pm diameter allowed highresolution patch-clamp stucbes of plasma membrane ion transporters. The protoplasts collected in the isolation solution were plated out on a microscope dish, allowed to settle, and perfused with the experimental bath solutions described below.
Patch-Clamp and Experimental Solutions
Whole-cell recordings (Hamill et al., 1981) weIe performed on isolated root hair protoplasts as described for guard cell protop1,asts (Schroeder, 1988) . The patch-clamp pipette solution consisted of (in m~) : 100 K-glutamate, 2 IagC12, 2 Kz-EGTA, 10 Hepes, 4 MgATP, 2.5 KOH, pH 7.2. l'he standard bath solution contained (in mM): 10 K-glutamatc; 2 MgC12, 1 CaC12, 10 Mes, 1 KOH, pH 5.5. When varying the extemal K+ concentration, the solutions contained the indicated amount of K-glutamate and the pH was adjusted with Tris instead of KOH. The bath solution contained 100 m~ KCl to determine the current reversal potential, or 100 m~ of the appropiriate monovalent cation chloride salt to determine the conduc tance ratios. These high concentrations of monovalent cations were employed to enable accurate measurement of currents camed by cations with low permeabilities (e.g. Li+ or Na+) through K+ channels. For aluminum I?xperiments, the bath solution consisted of (in mM): 10 KCl, 0.4 MgC12, 0.2 CaCl,, pH 4.5. Aluminum was added as IUC13 from a stock solution of 10 mM AlC1, in 1 mM HCl. Free A13+ activities were calculated using the program GEOCHEM -PC (Parker et al., 1.994) . The osmolalities of a11 bath solubons and the pipette solution were adjusted to 490 mosmol kg-' with Dsorbitol. A11 solutions were prepared with HPLC-grade water (J.T. Baker, Phillipsburg, NJ). Ion equilibrium potentials were calculated after correction for ionic activities (Robinson and Stokes, 1965; Lindsay, 1979) . Measured liquid junction potentials at the interface of the patch-clamp pipette solution and the first bath solution ranged from -5 to -22 mV and were corrected for in a11 experiments (Schroedei et al., 1987; Neher, 1992) . Corrected membrane potential; (V,) were obtained using the equation for whole-cell studies: V,,, = Vexpement + liquid junction potential, where Vexpenment is the uncorrected membrane potential recoIded during experiments.
Patch-clamp recordings were performed with an Axopatch ID patch-clamp amplifier (Axon Instruments, Foster City, CA) as described previously (Schroeder and Fang, 1991) . When determining the inward current reversal potential by relaxation ('tail") current analysis (Schroeder et al., 1987) , currents were recorded utilizing a P/6 subpulse leak subtraction protocol (Armstrong and Bezanilla, 1977) to eliminate capacitance artifacts occurring after voltage steps. Because of rapid inward current deactivation these capacitance artifacts, resulting from charging the membrane and/or from current relaxations of other transporters, otherwise interfered with tail current analysis. In Figure 4 , a rectangular leak current corresponding to a seal resistance of 1 Gn was added back to separate the tail currents for visual display. In all other experiments, currents were recorded and are shown without leak subtraction. Analyzed current values were numerically corrected for the linear background conductance, which showed combined whole-cell membrane and seal resistances in the range from 1 to 25 Gfl (Barry and Lynch, 1991) . To determine the affinity for K + of root hair K + in channels, the K + chord conductance, defined as current divided by the difference between the membrane potential and the K + equilibrium potential (Hille, 1992) , was calculated. Values are given as means ± so.
-162 mV 50pA|_ 0.5 sec Figure 2 . Recordings of whole-cell inward currents in the plasma membrane of a root hair cell exposed to 11 HIM K + . The membrane potential was held at -42 mV (V ho id) and stepped to potentials ranging from -22 to -162 mV in 10-mV increments for 1 s.
Step potentials are indicated to the right of the recorded current traces. Recordings were low-pass filtered at 500 Hz. Membrane potentials were specified as the potential on the cytoplasmic side of the membrane relative to that on the extracellular side of the membrane in all figures. Consecutive recordings of ionic currents elicited by individual voltage pulses were superimposed. Downward deflections correspond to cation influx in all figures (see Fig. 3 ).
RESULTS
Root Hair Inward K + Currents
To study ion transport mechanisms in root hairs at high resolution, root hair protoplasts were isolated ( Fig. 1 ) and patch-clamped in the whole-cell configuration (Hamill et al., 1981) . Membrane potentials of -74 ± 13 mV (n = 19) were recorded immediately after gaining access to the interior of root hair cells bathed in 11 min K + . Membrane potentials remained more negative than the K + equilibrium potential of -56 mV during the course of an experiment when MgATP was present in the pipette solution, suggesting that plasma membrane H + pumps were hyperpolarizing root hair cells (Lew, 1991; Samuels et al., 1992) . When the membrane potential was held at -42 mV and stepped to values more negative than -75 mV on the cytoplasmic side, time-dependent inward currents were activated (Fig. 2 ) in the majority of root hair cells (78%, n = 115). These inward currents were produced with a half-time of activation of 37 ± 9 ms at -162 mV (n = 5).
The hyperpolarization-activated inward current could arise from anion efflux or cation influx. The ionic selectivity of the transporters mediating the inward current was determined by replacing K + with other monovalent cations in the external solution and measuring cation conductance ratios. The gradients of other ions that could give rise to an electrical inward current (Cl~, Mg 2+ , and Ca 2+ ), as well as bath electrode potentials, were maintained constant. The results show that root hair K + uptake transporters were highly selective for K + ( Fig. 3 , A-C; Table I (Kourie and Goldsmith, 1992) . The resulting conductance sequence K + > Rb + = NH 4 + » Na + « Li + > Cs + of root hair inward currents (Table I) was very similar to the conductance sequence of the Arabidopsis thaliana K + in channel clone KAT1 expressed in Xenopus oocytes (Schachtman et al., 1992) and was comparable to selectivity sequences of K + in channels in guard cells (Schroeder, 1988 The steady-state current leve1 at -147 mV was -584 pA after leak subtraction. B, Same root hair cell as in A after external K+ was replaced with 100 mM NH,+, showing -94 pA at -147 mV. C, Root hair cell exposed to 100 mM external Na+ showing -8 pA at -151 mV after subtraction of the linear background conductance. The same cell showed -383 pA at -1 51 mV when subsequently exposed to 100 mM external K+ (data not shown).
Relaxation ("tail") current analysis (Schroeder et al., 1987) of the inward currents, as shown in Figure 4 , resulted in a current reversal potential of 2 -+ 5 mV with 100 mM extemal K+ ( n = 4), which was very close to the K+ equilibrium potential (-1 mV). Under the imposed conditions, the equi-. librium potential for C1-was -83 mV, and that for Ca2+ was 2100 mV. These results show that K+ was transported passively along the electrochemical gradient for K+ (Hille, 1992) .
The voltage and time dependence of activation ( Fig. 2) (Schroeder et al., 1987;  Fairley-Grenot and Assmann, 1992b), the conductance sequence (Table I) (Schroeder, 1988; Schachtman et al., 1992) , and the reversal potential (Fig. 4) of root hair inward currents a11 describe hallmark properties of plant K+, channels (Schroeder et al., 1987) and show that root hair inward currents were camed by K+, channels. The driving force for channel-mediated K+ uptake against the K' concentration gradient can be provided by the ncmgative membrane potential generated by the plasma membrane protonextruding pump (Poole, 1978) .
The dependence of root hair K+, channel cui-rents on the extemal K+ concentration was analyzed to characterize kinetic parameters of K+ uptake. Figure 5 , A to C, shows that the magnitude of K+, channel currents was dependent on the extemal K+ concentration, confirming thaí the inward current represented an influx of K+. With decreasing external K+ concentrations, a larger proportion of the in vvard current appeared to activate instantaneously upon hyperpolarization (compare, Fig. 5, A and B) , which could be attrilmted in part to the limited time resolution of current recorfngs at low current levels. This instantaneous inward currerit also disappeared at O mM extemal K+ (Fig. 5C) . Analysis of the currentvoltage relationship of the currents obtained frcim root hairs exposed to varying extemal K+ concentrations indicated that the activation potential of inward currents shifted to more negative values with decreasing K+ concentrations (Fig. 5D ). The activation potential was more negative than the K+ equilibrium potential in a11 cases, even at 0.5 mM externa1 K+ (Fig. 5D, inset) , thus preventing K+ release through K+, channels. The inward currents shown in Figure 5 , A to D, were sufficiently large to promote physiologically significant low-affinity K' uptake (see "Discussion").
Numerous studies have shown that K+ uptake by higher plant cells can be described by dual Michaelis-Menten kinetics with K,,, values of approximately 15 to 40 PM for highaffinity K' uptake and approximately 4 to 16 mM for one or more low-affinity K+ uptake systems (Epstein et al., 1963; Epstein, 1976) . To calculate the affinity for K' of root hair K+, channels, the K' chord conductance (see "Materials and Methods") at -162 mV was determined as a function of the extracellular K+ concentration. Figure 5E shows that the dependence of the K+ chord conductance on the extracellular K" concentration was well described by Michaelis-Menten kinetics, with a K, of 8.8 mM, resembling kinetic properties of a major low-affinity K+ uptake component in higher plant cells (Epstein et al., 1963;  Epstein, 1976) . The biophysical mechanism for active high-affinity K+ uptake, which contributes significantly to K' uptake from soils (Epstein et al., 1963;  Newman et al., 1987; Maathuis and Sanders, 1993), remains unknown and requires further analysis.
To function in long-tem K' uptake driven by proton pumps, K+, channels need to remain activated for long periods while the membrane potential is hyperpolarized by plasma membrane proton-extruding pumps. Figure 6 demonstrates that root hair K+, channels remained activated even during hyperpolarizations lasting for severa1 minutes.
Aluminum Block
K+i, channels in guard cells have been shown to be blocked by aluminum (Schroeder, 1988) . In soils, aluminum toxicity is of major agricultura1 and environmental importance. Aluminum limits crop productivity in acid soils, where solubilized AI3+ ions can reach phytotoxic levels (approximately 25 p~ free AP+ for the wheat cv Scout studied here) (Foy et al., 1978; Taylor and Foy, 1985) . One of the early effects of A13+ on plant roots is a dramatic reduction in uptake of K+, Ca2+, NH4+, and other cations (Foy et al., 1978;  Godbold et al., 1988 ; Miyasaka et al., 1989;  Huang et al., 1992) . The mechanisms of A13+ toxicity remain largely unknown at the molecular level. Figure 7A shows that A13+ blocked root hair K+, channels at low A13+ activities. Current inhibition by AP+ was voltage independent in the membrane potential range of -82 to -162 mV (Fig. 7A) and partially reversible (data not Plant Physiol. Vol. 105, 1994 Vhold= -27 mV 1 r 1 min Figure 6 . Root hair K+,, channels allow long-term K+ influx. Wholecell K+ inward currents were elicited by a voltage step of 13-min duration from -27 to -147 mV in the presence of 100 m M K+ in the bath. Voltage pulses of 1-5 duration immediately before and after this recording revealed the familiar time-dependent activation of K+ inward currents (see Fig. 2 ).
shown), indicating extracellular A13+ block. Plotting the relative current magnitudes at -162 mV against the free A13+ activity (Fig. 78) showed that half-maximal block was achieved at approximately 8 ~L M free A13+, with 80.8% current reduction at 30 ~L M A13+. This is the range in which A13+ has been shown to inhibit K+ uptake and cause phytotoxicity symptoms in the wheat cv Scout studied here (Taylor and Foy, 1985; Miyasaka et al., 1989) .
DISCUSSION
K+i, Channels and K+ Uptake in Root Hairs
The root system of higher plants is complex, consisting of a variety of specialized cell types with different functions. Of these, the epidermal and cortical cells are of major importance for K+ uptake from the soil (Clarkson and Hanson, 1980; Kochian and Lucas, 1983; Glass, 1989) . Root hairs, which are tubular outgrowths of epidermal cells, also play a major role in providing access to soil regions with undepleted nutrient levels and are a primary site for signaling pathways between plant roots and soil microbes (Fisher and Long, 1992) . The molecular mechanisms underlying the dual K+ uptake components in roots remain unknown, in part because no highresolution voltage-clamp studies on electrically isolated root epidermal cells have been reported. Therefore, we attempted to obtain results from direct voltage-clamp recordings from isolated root epidermal cells of wheat, since this approach would allow discrimination among several of the proposed K+ uptake mechanisms (see introduction).
In the present study, the dominating conductance in the plasma membrane of root hairs was found to be a hyperpolarization-activated, time-dependent inward current that can control the membrane potential (Fig. 2) . These currents reversed at the K+ equilibrium potential (Fig. 4) . Of the proposed K+ uptake mechanisms (see introduction), only K+ channel-mediated K+ currents would display a reversal potential within 50 mV of the K+ equilibrium potential. The present study, as well as detailed experiments on Vicia faba guard cells (J.I. Schroeder, unpublished data), could not confirm the findings that K+, channel reversal potentials deviate greatly by about 15 to 20 mV from the imposed K+ equilibrium potentials (Fairley-Grenot and Assmann, 1992a) . A deviation by similar values was found only before correction of the liquid junction potential of -22 mV with 10 mM extemal K+. The large deviation of measured re\rersal potentials (Fairley-Grenot and Assmann, 1992a) niay also be caused by a second underlying whole-cell conductance.
Root hair K+,, channels were highly selective for K+ over other rnonovalent cations ( Fig. 3; Table I ) arld remained activated over extended periods of time, thus en abling longterm proton-pump-driven K+ uptake (Fig. 6) . Kirietic analysis resulted in a K , of 8.8 mM K+ for K+, channel-mediated K+ uptake in root hairs (Fig. 5E ). This closely resembles the affinity for K+ of the major low-affinity K+ uptake mechanism describled previously in several tissues and cell types of higher plants, with K, values in the range of 4 to 16 mhI K+ (Epstein et al., 1963; Epstein, 1976) .
Further studies by Epstein and Rains (1965) showed that low-affinity K+ uptake kinetics were heterogenecius. This was interpreted as representing the action of one camer with multiple camer sites of similar but different apparent affinities for K+ in the range of about 5 to 30 m~ K+ (Epstein and Rains, 1965) . On the other hand, Kochian and Lucas (1982) have shown linear low-affinity K+ uptake kinetics with maize roots at extemal K+ concentrations up to 10 mM I < + , and have reported that no saturation of K+ uptake was apparent at values up to 50 mM K+. Patch-clamp studies allow the control of severa1 important parameters, such as intracellular K+ concentrations and membrane potential, and result in K+ uptake kinetics that can be described by a single MichaelisMenten isotherm, which is quasi-linear up to approximately 10 mM K+ and saturates at K+ concentrations >100 mM. Comparable properties of plant KCin channel currents identified in guard-cell protoplasts (Schroeder et al., 1984 (Schroeder et al., , 1987 Schroeder, 1988) , in impaled guard cells (Thiel et al., 1992) , and in Xenopus oocytes (Schachtman et al., 1992) , as well as lack of stretch activation of single K+. channels (J.1. Schroeder, unpublished data), show that protoplast isolation does not produce physiologically significant changes in the properties of these particular membrane proteins. Minor differences can be attributed to variations in experimental conditions (e.g. ion concentrations [Hille, 19921) .
In addition to the close correlation in K+ uptake kinetics, the permeability of root hair K+in channels to NH4+ and Rb' (Table I) is consistent with the findings that K+ and NH,+ compete for the same low-affinity uptake mechanism in maize roots (Shaff et al., 1993) and that "Rb+ is an effective analog for K+ (Epstein et al., 1963) . However, in whole-root ion uptake studies the membrane potential of the root cells is not voltage-clamped, so ion uptake rates measured in whole roots over extended periods of time should show a qualitative but not strictly quantitative correlation to the conductance ratios determined here. Due to the large conductance of K+, channels in root hairs, we further propose that these K+ channels represent a major mechanism for membrane potential regulation by significantly influencing the membrane resistance at physiological hyperpolarized potentials.
Low-affinity K+ uptake mechanisms in roots complement the high-affinity K+ uptake mechanism when extemal K+ concentrations are 20.3 mM (Epstein et al., 1963; Epstein, 1976) . Because of depletion, the K+ concentration at the surface of roots will be lower than the K+ concentration in the bulk soil solution. This effect should be more pronounced at low micromolar K+ concentrations than at higher concentrations due to sublinear Michaelis-Menten kinetics of K+ uptake. Assuming 80% depletion at 25 p~ extemal K+ and applying first-order diffusion laws, it can be estimated that at 0.3 mM external K+, approximately 30% of the bulk K+ concentration, would be depleted (Gassmann et al., 1993; Schroeder et al., 1994) .
Vibrating microelectrode and tracer flux studies on lowaffinity K+ uptake rates in roots have measured K+ uptake rates corresponding to approximately 1 to 10 pmol g-' h-' at extracellular K+ concentrations of 0.5 to 50 mM K+ (Epstein et al., 1963; Kochian et al., 1985) . In this study, root hair K+, channels were shown to promote physiologically significant K+ uptake with extemal concentrations of 20.5 m~ K+. Assuming a spherical root hair protoplast (radius approximately 15 pm) with a fresh weight of 10 ng, the currents at -162 mV shown in Figure 5 (Reisenauer, 1964) . Root hairs also provide plants with access to nutrients in undepleted soil regions. Therefore, soil solution K+ concentrations are in a range where low-affinity K+ uptake systems in root hairs are well suited to contribute significantly to K+ nutrition in plants. It should be noted that this conclusion is not contradictory to the importance of the unknown high-affinity K+ uptake mechanism for K+ nutrition.
Recently, a careful study of A. thaliana root cells came to the conclusion that channel-mediated K+ uptake at extemal K+ concentrations lower than 1 mM was not feasible due to insufficiently negative cell membrane potentials (Maathuis and Sanders, 1993) . However, when determining the membrane potential by microelectrode measurements, a correction factor is necessary to account for current leaks at the impalement site (Goldsmith and Goldsmith, 1978;  Marty and Neher, 1985) . Patch-clamp experiments have shown that plant and animal cells typically have whole-cell membrane resistances of 2 2 0 GQ (approximately 0.07 S m-') at the low ion concentrations used in these membrane potential measurements (Marty and Neher, 1985;  Ketchum et al., 1989;  Barry and Lynch, 1991; Schroeder and Fang, 1991) . These high membrane resistances are approximately 1 O to 50 times larger than expected from previous microelectrode studies (Goldsmith and Goldsmith, 1978;  Marty and Neher, 1985 ; Ketchum et al., 1989; Bany and Lynch, 1991) . Even in the case of a high-quality impalement resistance of 500 MQ (Marty and Neher, 1985) , a significant portion of the mem- Figure 8 . Simplified equivalent circuit representing an impaled plant cell connected to neighboring cells via plasmodesmata. A, In the impaled cell, the resistance across the impalement site (Rs.,,) lies in parallel with the cell membrane resistance (RM) and t h e pump current source (/p 105, 1994 brane potential would be dissipated at the impalement site (Goldsmith and Goldsmith, 1978) . The equivalent circuits shown in Figure 8 can be used to calculate the approximate magnitude of the error in the measured membrane potential caused by membrane potential dissipation. Physiological values for the components of the equivalent circuit shown in Figure 8A have been reported. Assuming a cell surface size of 10-5 cm', these values would be a cell membrane resistance (RM) of 220 GR (Marty and Neher, 1985; Ketchum et al., 1989; Barry and Lynch, 1991; Schroeder and Fang, 1991) , a high-quality impalement resistance (Rs,,,) of 500 MR (Marty and Neher, 1985) , a plasmodesmatal resistance (RpD) of 200 MR (Spanswick, 1972 ), a pump current (IF) of -100 pA (Blatt, 1988) , and a true membrane potential (VM) of -180 mV, corresponding to the resting potential of neighboring cells. These physiological parameters would produce a measured membrane potential 38 mV more positive than the actual resting potential for the equivalent circuits shown in Figure  8 . For a true membrane potential of -120 xnV, the measured membrane potential would be 21 mV more positive. The equation corresponding to the equivalent circuit shown in Figure 8B is:
where IpD represents the plasmodesmatal current source of magnitude V M / R p D (Tietze and Schenk, 1983) . Since the voltage source in the neighboring cells was assumed to be infinite, this model leads to an underestimation of the error. Depending on the physiological parameters, shifts of +20 to +50 mV can be expected. Correction of the resting potential suffices to make channel-mediated K+ uptake at extemal K+ concentrations of 20.3 mM possible. This conclusion cannot be taken to exclude the central importance of active highaffinity K+ uptake . The expression of K+, channels in root hairs may promote initial K+ uptake from undepleted soil solutions. Cell-specific expression levels in various root cell types of active high-affinity transporters and K+, channels will need to be determined to expand the model in Figure 8 (for review, see Schroeder et al., 1994) .
Aluminum Toxicity
Aluminum is by weight the third most abundant element in the earth's lithosphere, forming complex minerals with other soil constituents (Lindsay, 1979) . In its complexed forms, aluminum is nontoxic. However, when the soil solution pH is lower than 5.0, solubilized AI3+ can reach toxic levels and limit plant growth (Foy et al., 1978; Kinraide and Parker, 1987) . In wheat as well as in spruce trees, early effects of A13+ toxicity lie in the inhibition of uptake of the cations K+, NH4+, Ca2+, and Mg2+ and retardation of root growth (Foy et al., 1978; Taylor and Foy, 1985; Kinraide and Parker, 1987; Godbold et al., 1988; Miyasaka et al., 1989; Huang et al., 1992) . In particular, microelectrode and ion flux studies have shown a profound AI3+ inhibition of K+ uptake in mature regions of the root and Ca2+ uptake in the root apex in the A13+-sensitive wheat cv Scout analyzed in the present study (Miyasaka et al., 1989; Huang et al., 1992) . The same A13+ treatments had no significant effect on K+ and Ca2+ uptake in aluminum-tolerant cultivars (Miyasaka et al., 1989; Huang et al., 1992) . Exposure of the root apex to AI3+ was sufficient to rapidly inhibit root growth of 5-d-old maize seedlings, whereas exposure to mature regions alone had no effect (Ryan et al., 1993) . Five-day-old seedlings can derive most nutrients from available storage tissue (Cdass, 1989) . The molecular mechanisms of A13+ toxicity remain unknown, and AI3+ is likely to affect severa1 processes at the same time (Miyasaka et al., 1989; Huang et al., 1992) . This study shows that A13+ blocked K+,, channels in the mature regjon of roots (Fig. 7) at free AI3+ activities that have been shown to be phytotoxic and inhibit K+ uptake (Taylor and Foy, 1985; Miyasaka et al., 1989) . Although inhibition of K+, channels in root Iiairs by A13+ is not likely to be involved in mediating rapid inhibition of immature seedling growth, it may contribute significantly to long-tem AI3+ toxicity symptoms in mature plants.
In conclusion, the data of this initial voltage-clamp analysis of root hairs demonstrate that K+, channels constitute a major K+ transport mechanism in root hairs and that these K+ channels provide a means for low-affinity K t uptake at physiological extemal K+ concentrations in the low-affinity K+ uptake range. We propose that root hair K+, channels contribute significantly to membrane potential control and to K+ nutrition at the root epidermis, since these cells provide access to soil jegions with undepleted nutrient levels. The use of E : + , channels as uptake transporters might contribute to metal stress phenomena such as aluminum ioxicity. The functional biophysical identification of root hair E : + , channels reported here is an important step toward unraveling the complex K+ uptake processes in roots of higher plants on the molecular level. Further patch-clamp and molecular-biological studies should allow the characterization of the yet-tobe-identified active high-affinity mechanism a nd possibly additional low-affinity components of K+ uptakv and should lead to a detailed molecular-biophysical descnption of K+ nutrition mechanisms in roots.
